Abstract Constellations of Synthetic Aperture Radar (SAR) satellites with short repeat time acquisitions allow exploration of active faults behavior with unprecedented temporal resolution. Along the North Anatolian Fault (NAF) in Turkey, an 80 km long section has been creeping at least since the 1944, M w 7.3 earthquake near Ismetpasa, with a current Interferometric Synthetic Aperture Radar (InSAR)-derived average creep rate of 8 ± 3 mm/yr (i.e., a third of the NAF long-term slip rate). We use a dense set of SAR images acquired by the COSMO-SkyMed constellation to quantify the spatial distribution and temporal evolution of creep over 1 year. We identify a major burst of aseismic slip spanning 31 days with a maximum slip of 2 cm, between the surface and 4 km depth. This result shows that fault creep along this section of the NAF does not occur at a steady rate as previously thought, highlighting a need to revise our understanding of the underlying fault mechanics.
Introduction
Early observations of creep on strike slip faults were presented by Steinbrugge et al. [1960] for the central San Andreas Fault (SAF) and Ambraseys [1970] for the North Anatolian Fault (NAF). Using boreholes strain meter observations, Linde et al. [1996] made among the first inferences of finite duration slow slip transients made along the SAF. Since these results, studies of slow slip events have largely been focused on subduction zones [e.g., Dragert et al., 2001; Rogers and Dragert, 2003; Pritchard and Simons, 2006; Kostoglodov et al., 2010; Hirose et al., 2010; Ide et al., 2007; Peng and Gomberg, 2010] . Geodetic detection of slow aseismic transients along strike slip faults have been limited to the SAF [e.g., Linde et al., 1996; Murray and Segall, 2005; De Michele et al., 2011; Khoshmanesh et al., 2015] , the Superstition Hills Fault [Wei et al., 2009] , and the Haiyuan Fault [Jolivet et al., , 2015a . Creepmeter measurements have highlighted very shallow transient events both on the SAF [Schulz et al., 1982] and the NAF [Altay and Sav, 1991] . Indirect observations such as tremors or low-frequency earthquakes (LFEs) suggest that such behavior should be widespread [e.g., Shelly, 2015] . Geodetic studies using continuous Global Positioning System (cGPS) or (InSAR) greatly increase our ability to discriminate between creeping and locked portions of active continental faults [e.g., Tong et al., 2013; Cetin et al., 2014; Thomas et al., 2014; Jolivet et al., 2015b] . However, without a sufficiently dense cGPS network or short repeat time SAR observations, one can only derive average creep rates over the interseismic period.
We focus here on the study of the NAF, a major right-lateral fault accommodating the relative motion between the Anatolian and Eurasian Plates at a rate of 25 mm/yr [McClusky et al., 2000] . More than 800 km of the fault ruptured during a westward propagating sequence of nine major earthquakes from 1939 to 1999 [e.g., Ambraseys, 1970 Sengör, 1979; Stein et al., 1997] (Figure 1 ). At least two sections of the NAF are currently sliding aseismically: a 60 km long segment along the rupture of the 1999 Izmit earthquake [Cakir et al., 2012] and an 80 km long segment along the rupture of the 1944 M w 7.3, and 1951 M w 6.9, earthquakes near Ismetpasa [Cakir et al., 2005] (Figure 1 ). The Ismetpasa segment is currently seismically quiescent, and no tremors or LFEs have been detected from the existing local seismological networks [Pfohl et al., 2015] . Using observations of bent railroad tracks in the 6 years following the 1944 earthquake, Ambraseys [1970] derived a 50 mm/yr creep rate along this segment in the early 1950s. Present-day creep rates of about 8 mm/yr are estimated using cGPS or InSAR data over 10 years [Cakir et al., 2005; Kaneko et al., 2013; Cetin et al., 2014] . [Cetin et al., 2014] . Black rectangles indicate the ascending and descending CSK tracks considered in this study. Bottom right: Creep rate along the fault for the two Envisat tracks [Cetin et al., 2014] . Top left: Large-scale geodynamic context indicating the two main strike-slip faults that delineate the Anatolian block: the East Anatolian Fault (EAF) and the NAF.
Thus, estimates made in the intervening 50 years suggest the creep rate decreased dramatically following the 1944 rupture, revealing a long-lived postseismic afterslip sequence [Cetin et al., 2014] . The spatial coincidence of large M w 7 seismic ruptures, rapid afterslip over a 50 year period and steady creep over the last 15 years may be explained by a bimodal depth distribution of frictional properties on the fault. Velocity strengthening properties are required at shallow depths, which is consistent with the lithology observed in the fault gouge [Kaduri et al., 2015] , as well as velocity weakening properties at depths larger than 3 to 6 km .
We report on a transient episode of aseismic slip on the Ismetpasa segment that has been detected using a dense set of radar images acquired by the COSMO-SkyMed (CSK) constellation of satellites. We consider interferograms on two orbital tracks, one ascending and one descending, using time series analysis to derive the temporal evolution of creep along a 20 km long segment in the vicinity of Ismetpasa. We use a Bayesian approach to derive the extent and amplitude of slip at depth and discuss possible mechanical implications of such a transient episode.
InSAR Data and Time Series Analysis Reveal a Transient Episode of Creep
We processed two sets of interferograms using X band acquisitions from the CSK four satellites constellation spanning from July 2013 to May 2014. On the ascending track, we formed 140 interferograms involving 49 separate acquisitions ( Figure S1 in the supporting information), and on the descending track, we formed 65 interferograms using 20 separate acquisitions ( Figure S2 ). We computed interferograms using the InSAR Scientific Computing Environment (ISCE) software (Jet Propulsion Laboratory (JPL)/Caltech, [Rosen et al., 2012] ). Based on an empirical evaluation of interferometric coherence, we consider pairs with perpendicular baselines smaller than 400 m and temporal baselines shorter than 40 days. We correct for the topographic component of the interferometric phase using the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) 30 m pixel spacing digital elevation model [Abrams, 2000] . We unwrap interferograms using the ICU software [Goldstein et al., 1988] . Within individual interferograms, coherence is high. However, patterns corresponding to strong atmospheric phase delays are common and obvious. In some places, these phase delays, on the order of one to several centimeters, correlate with topography (Figure 2) , and are related to spatiotemporal variations in the stratification of the troposphere. In other examples, we find significant spatially correlated phase variations that we associate with turbulent troposphere (Figure 2 ).
Many of the interferograms image a clear discontinuity in the interferometric phase occurring along the North Anatolian Fault (Figure 2 ). This discontinuity is visible on multiple interferograms using independent acquisitions and is therefore not a propagation artifact. The high strain gradient centered on the fault suggests shallow fault slip. The discontinuity extends for 5 to 8 km along the fault trace and is visible on both ascending and descending track data. As the sign of the phase gradient is opposite on ascending and descending interferograms, we conclude that slip along the fault is primarily horizontal. Also, as we do not see this discontinuity either before or after the August-September 2013 period, thus, this deformation signal is presumed to be the signature of a transient episode of right-lateral slip reaching the surface of the NAF.
In order to characterize the amplitude, timing, and spatial extent of this transient slip at depth and along strike, we consider a time series analysis of surface deformation. The combination of a time series approach and the short repeat times provided by the CSK constellation (i.e., variable from 1 to 16 days) allows us to reduce noise and detect small-amplitude deformation signals. We first calculate and remove phase delays corresponding to the temporal variability in the stratified atmosphere by estimating on each individual unwrapped interferogram an empirical relationship between phase and topography, determined using multiple spatial wavelengths [Lin et al., 2010] . We also estimate empirically residual orbital errors by fitting a plane to each interferogram. Orbital errors and atmospheric corrections are adjusted to be consistent within the interferometric network [Lin et al., 2010] . We then use the New Small Baseline (NSBAS) scheme implemented in the Generic Interferometric Analysis Toolbox (GIAnT) [Doin et al., 2011; Jolivet et al., 2012; Agram et al., 2013] . We estimate the line-of-sight (LOS) phase evolution for each pixel independently, by solving the set of equations that links the phase difference of an interferogram to the corresponding acquisition dates and by adding a constant velocity constraint to link unconnected networks of interferograms. We eventually remove all the pixels for which the difference between the raw data and the reconstructed value is higher than 2 mm. In the following, we concentrate on observations from the ascending track. Although data from the descending track do not contradict our findings, the smaller number of independent acquisitions compared to ascending data, as well as their higher level of noise, make the resulting time series less robust than that from the ascending data (supporting information Figure S3 ). Figure 3 shows the temporal evolution of a fault perpendicular profile of the LOS displacement derived from the time series analysis. A clear transient creep event is visible between the acquisition dates of 20 August and 21 September 2013, during which six images were acquired. In the month before this period and the six months after, we cannot detect any obvious signal across the fault. This observation suggests that near the surface, the fault only creeps during 1 month out of the 10 spanned by the CSK data. The cumulative offset across the fault extracted from this fault perpendicular profile reaches 1.5 cm in the LOS direction. Assuming slip is purely horizontal, this offset corresponds to about 2 cm of right-lateral fault slip (with an incidence angle of 49 ∘ , a fault strike of 70 ∘ , and a heading of 13 ∘ W). This amount of transient slip is equivalent to 2.5 years of steady creep at the average rate of ∼8 mm/yr measured by InSAR over 10 years using Envisat data [Cetin et al., 2014] or to 1 year of the total differential motion between the Eurasian and Anatolian Plates. This observation is the first evidence from InSAR that creep on the Ismetpasa segment is not steady but may occur through a succession of transient episodes of slip of significant size. The 5-8 km along-strike extent and the amount of slip involved (2 cm) suggests that the observed creep event affects more than just the shallowest (i.e., first 100 m) portion of the NAF and presumably extends to significant depths. To explore this question further, we develop a model of distributed subsurface fault creep.
Slip Distribution of the Creep Burst
Imaging slip on the fault interface consists in inverting the forward problem, d = Gm, where d is the vector of the LOS surface displacements at all pixels between acquisition dates 20 August 2013 and 21 September 2013 reconstructed from the time series analysis, m is the vector of slip on the discretized fault plane, and G is the matrix of the Green's functions (i.e., the surface elastic response to unit displacement on each point of the fault). We downsample the LOS map of surface displacements to 920 data points using a quad-tree downsampling approach maximizing the resulting resolution on our fault plane (see Figure S6 and Lohman and Simons [2005] ). We compute the Green's functions for a semi-infinite stratified elastic medium using the EDKS software [Simons et al., 2002] . The elastic moduli are derived from the V p model used by H. Karabulut (personal communication) to locate microseismicity in this area (see supporting information Table S1 ). The fault model geometry is assumed vertical and follows the mapped trace of the NAF, with nodes equally spaced every 2 km. m corresponds to slip at each node of the triangular fault mesh. Slip on the fault is the linear interpolation of the amplitude of slip at each node. Given that we only consider one LOS data set and that slip is mostly horizontal, we only solve for the along-strike component of slip. In addition, as the displacement map we recover from the time series analysis shows residual atmospheric patterns correlated with topography, we simultaneously solve for a linear relationship between displacement and topography. Finally, we include a linear function of azimuth and range to account for possible orbital residuals.
Our noise model includes the contribution of turbulent atmospheric noise by incorporating an empirically estimated covariance function of the displacement data used to build the data covariance matrix C d . This function parameterizes the correlation between data points to be an exponential function of the separation distance, decreasing as a function of distance between observables, with a characteristic length scale of 2 km and an amplitude of 3 mm ( Figure S4 ). In addition to C d , we account for 5% uncertainty in the elastic parameters of our stratified elastic medium by constructing the prediction error covariance matrix, C p , following the approach of Duputel et al. [2014] . A standard way to obtain a slip model is to use a constrained least squares inversion (as presented for comparison purposes in supporting information Figure S5 and corresponding text). However, this inversion method requires arbitrary choices for regularization. To provide an ensemble of plausible models, we instead adopt an unregularized Bayesian approach and derive the probability density function (PDF) of slip on the fault, p(m|d). This posterior PDF is proportional to the prior PDF of slip (i.e., the state of knowledge we have on the slip before we bring in any information from data), p(m), and to the data likelihood, p(d|m), such that
where C is the misfit covariance matrix, which we approximate as the sum of C d and C p [Duputel et al., 2014] . We infer the posterior PDF p(m|d) using AlTar, a reimplementation of the Cascading Adaptive Transitional Metropolis In Parallel (CATMIP) [Minson et al., 2013] sampling algorithm.
We consider the mode of posterior PDF of slip on the fault, together with the standard deviation of slip and the information gain criterion (Figure 4) = 0 corresponds to the posterior PDF being equal to the prior PDF, i.e., p(m i |d) = p(m i ), implying that we are not able to extract information for this part of the model given our data. In Figure 4 (top), the patch of slip corresponding to the observed surface displacement is localized between the surface and 2 to 4 km depth where standard deviations are lower than 1.0 cm, with a peak slip of 2.0 cm at the surface. The slip pattern is asymmetrical and presents more slip at depth on its eastern end. The posterior PDF of slip in the lower part of the fault is similar to the prior PDF, showing that we have insufficient information to constrain slip at such depths. The significant gain of information is broadly limited to the upper 4 km of the fault, except in a limited region in the middle of the model where some information is extracted down to 6 to 8 km.
Marginal PDFs of slip along strike at various depths confirm that we can locate the slip event in the first 4 km. At greater depths, posterior PDFs are uniform and similar to the prior PDFs assumed (see supporting information Figures S8 and S9 ). Our inversion formulation also enables to quantify probabilities for the main parameters of the slip pattern. For example, considering the nodes with D i KL > 1.0 and immediate neighbors, we can infer an 82% probability that 70% of the slip potency is concentrated at depths shallower than 3 km. For the same set of nodes, we derive a 72% probability that the peak slip is localized between 1 and 4 km depth. Finally, we derive the PDF of the total equivalent moment of the aseismic event, which we find to lie between 1e17 to 3e17 N m, corresponding to an equivalent moment magnitude of 5.2 to 5.5 (Figure 4 ).
Discussion
During the 10 months period of observation and for the 50 km long fault section studied here, the CSK data and the derived slip model indicate that creep is episodic rather than steady. We have processed additional adjacent tracks eastward, along more than 120 km of the fault, and we do not observe other creep bursts. This other data set has a higher noise level, which may prevent from any detection of temporal fluctuations of creep. However, these observations do not show evidence of creep at all, although we would expect approximately 6 mm of creep to have built up along the fault over our period of observations. The question then arises whether creep was episodic in the past as well. During the early postseismic period, when the creep rate on the Ismetpasa segment was as high as 50 mm/yr, a 1 month transient event accounting for 2 years of average creep would have had a peak slip of 10 cm. However, no continuous observations were available at that time to detect such type of events. Creepmeter measurements made in the 1980s suggest that 1 month transients were already present [Altay and Sav, 1991] . However, these observations can be sensitive to shallow processes (e.g., rainfall), and thus the extent to which those observations are of significant tectonic origin remains ambiguous. Furthermore, it is not possible to estimate the depth extent of these fault movements with only creepmeter measurements. During the Envisat and (ALOS) InSAR observation period, it may also have been difficult to detect short lived transients given the limited temporal sampling. Indeed, on average, only four ALOS acquisitions are available per year over the 2007-2011 period and three Envisat acquisitions per year over the 2003-2011 period [Cetin et al., 2014] . Also, the average creep rate appears to be decreasing since the 1944 earthquake [e.g., Cetin et al., 2014] . If we hypothesize that the tendency to have transient slip behavior increases as loading rate decreases, then it is possible that no transients slip event have occurred before the one described herein. Alternatively, such transients have occurred but went unobserved.
Average velocity maps and creep models constrained from InSAR data between 2003 and 2011 along the Ismetpasa creeping section suggest that creep along the NAF is restricted within the uppermost 5 to 7 km depth. The creep event that we detected is located at similar depths. If representative of the fault behavior, such type of creep events could contribute to build the average creep signal previously observed with a sparser set of images. The event described here corresponds to about 2 cm of slip at its peak, or more than 2 years of average creep as observed by other InSAR studies Cetin et al., 2014] .
If similar events were to occur along this segment, the recurrence between events would be ∼2 years, perhaps explaining why we do not detect any other event in the 10 months of data currently available to us.
Whether or not slip was occurring as transients in the past decades, the episode of slip described in this study raises the question of the validity of existing simple mechanical models. In the laterally homogeneous model proposed by Kaneko et al. [2013] , earthquakes nucleating in a 5 to 15 km depth slip weakening region propagate through the slip strengthening region at the surface. As the peak coseismic slip for the modeled 1944 earthquake is not at the surface, the top 5 km experience a sudden shear stress increase which is released by several decades of decaying postseismic slip. The Kaneko et al. [2013] model also predicts that presently, either the yearly average creep rate is decreasing very slowly or slip is perpetuated by steady creep. However, our observations suggest creep is not just long lived but could be a succession of monthly creep transients separated by locking periods. Therefore, we need a model that allows for full locking at the surface and spontaneous generation of episodes of creep, as also reproduced in laboratory experiments of slow propagation of a crack front [Schmittbuhl and Måløy, 1997] . Such events are observed in the vicinity of seismic (i.e., rate weakening) asperities, where the largest stress gradients are observed, in numerical models of the earthquake cycle using a frictional description of faults [Lapusta and Liu, 2009; Barbot et al., 2012] . A more complex tuning of this empirical formalism than done by Kaneko et al. [2013] may potentially reproduce this behavior, such as the one made by Wei et al. [2013] for the SAF with a conditionally stable layer at depths of shallow transient events. While tuning the rate-and-state formalism might explain the transient nature of slip in this case, the underlying physical mechanisms still remain unknown.
Another feature of an improved model should account for the elastic loading of the shallow portion of the fault. If we consider that postseismic slip has now released most of the stress perturbation induced by the earthquake (on the order of 1 MPa), stress needs to build up at shallow depth until the generation of a transient episode of slip. Shear stressing rate imposed on the fault at the surface by a vertical dislocation in an elastic half-space, at a depth d with a slip ratės, is expressed as =̇s , with the elastic shear modulus [Savage and Burford, 1973] . Assuming that the seismogenic portion of the fault is fully locked at depth shallower than d, ranging from 10 to 20 km, with slip rates between 2 and 3 cm/yr and = 30 GPa, the shear stressing rate at the surface is between 5 and 15 kPa/yr. In the same model, shear stress associated with the transient is expressed
, where s t is the slip and d t is the maximum depth of the transient. Assuming a depth, d t , of 4 km and a slip, s t , of 2 cm, the stress drop of the transient is 24 kPa. Therefore, with a locking depth between 10 and 20 km, it would take between 2 and 5 years to account for a transient similar to that observed. Note that this simple calculation does not account for three-dimensional effects but provides an order of magnitude for this type of event.
The aseismic slip transient event described here was generated spontaneously and did not accelerate to generate an earthquake. We have not identified any external process that could have triggered this event. Since loading and unloading cycles of aquifers have been suggested to play a role in the seismic and aseismic behavior of faults [e.g., González et al., 2012] , we considered precipitation data from the Tropical Rainfall Measuring Mission (TRMM) satellite. However, there is no significant rainfall before the creep event ( Figure S10 ). In addition, no significant seismic event in the vicinity of this segment has been recorded and no large earthquake in the region or large teleseismic earthquake occurred during this period of time. The triggering of slip events along active faults by local or remote earthquakes has been observed [Zigone et al., 2012; Tape et al., 2013; Wei et al., 2015] but cannot explain the origin of this creep burst (see Figure S11 for an analysis of the local seismicity).
Conclusion
We detected a month-long transient aseismic creep event along the Ismetpasa section of the North Anatolian Fault using a temporally dense InSAR time series analysis. We infer a distribution of slip corresponding to this event using a Bayesian approach that accounts for errors in both data and assumed forward model. The peak slip of this burst is ∼ 2 cm, equivalent to 1 year of tectonic loading. Prior to this study, the Ismetpasa creeping section was thought to slip at a constant rate of 8 mm/yr, after a period of exponential decay of the creep rate following the 1944 earthquake. As we have not found a cause for a sudden shear stress increase or normal stress decrease right before this transient slip event, the observed velocity increase is not consistent with simple velocity strengthening fault constitutive parameters. We consider two scenarios for reconciling these observations: (1) creep has never been steady and prior observations that could not untangle the rich temporal behavior of creep, made of slow slip events interacting with each other [Jolivet et al., 2015a] , and (2) creep was steady and has now become episodic. In both cases, refining the fault zone properties and mechanical model is needed to explain such transient episodes of slip and to understand the regional seismogenic behavior of the NAF.
